The current study investigates the causal relationship between economic growth and renewable energy consumption in the BRICS countries over the period 1971-2010 within a multivariate framework. The ARDL bounds testing approach to cointegration and vector error correction model (VECM) are used to examine the long-run and causal relationships between economic growth, renewable energy consumption, trade openness and carbon dioxide emissions. Empirical evidence shows that, based on the ARDL estimates, there exist long-run equilibrium relationships among the competing variables. Regarding the VECM results, bidirectional Granger causality exists between economic growth and renewable energy consumption, suggesting the feedback hypothesis, which can explain the role of renewable energy in stimulating economic growth in BRICS countries.
Introduction
Energy is fundamental to sustain the development of nations. Particularly, fossil fuel energy has been the most component used worldwide. However, the expansion of energy-consuming activities in the developed and emerging countries, and waste in rich countries (especially the Gulf countries) lead to two major concerns: the depletion of the most easily accessible energy resources (mainly oil) and correspondingly, the problem of global warming caused by the rapidly increasing emissions of greenhouse gases such as carbon dioxide (CO2) and methane.
This global nature of energy challenges requires that renewable energy resources be appropriately managed and used. Renewable energy is commonly defined as energy generated from solar, wind, geothermal, tide and wave, wood, waste and biomass. Contrarily to conventional energy, renewable energy is clean, safe and inexhaustible. Therefore, it is growing fast around the world and according to expectations it will edge out many conventional energy components and occupies a leading position in the overall share of energy consumption. For example, in China wind power generation increases more than generation from coal and passes nuclear power output (REN21, 2013).
Renewable energy quickly consolidates the role it plays in the energy supply around the world. That is, investment in renewables is picking up speed in many developing and emerging economies especially the BRICS countries.
1 According to REN21 (2013) , the BRICS accounted for 36% of total global renewable power capacity and 27% of non-hydro renewable capacity by the end of 2012. They occupy the second row behind the European Union, which accounts for 44% of the global total renewable power capacity ( Figure 1 ). In 2012, two BRICS nations (China and Brazil) were among the top five countries for renewable power capacity, while three BRICS nations (China, Brazil and India) were among the top six countries for non-hydro capacity.
On another side, as well documented, BRICS countries are growing very rapidly and have a sizeable impact on the global economy. For example, China and India had reached a real GDP growth of 8.9% and 6.2%, respectively over the period 1993 -2003 (Sadorsky, 2009b . This increase in economic growth has mutually been accompanied by an increase in energy demand. However, energy security emerges as a great concern due to substantial increases in prices of imported energy and because of limited reserves. Aside, the higher consumption of fossil fuels leads to higher greenhouse gas emissions, particularly CO2, which contributes to global warming. According to IEA (2007) , three BRICS economies (China, Russia and India) were among the top five emitters of CO2 in 2005. Such challenges require new thinking and new systems in the way to sustain energy. Developing enough the renewable energy sector is still among the promoting solution. That is, renewable energy sources may play a crucial role in expanding the domestic production and therefore they can be considered as an important determinant of economic growth. Source: REN21 (2013, p. 22) Recently, the correlation between economic growth and renewable energy consumption has constituted a substantial field of research. Particularly, examining the significance of causality direction between the two variables is of great utility, since it may provide valuable insights for policy-makers. Based on the ARDL approach to cointegration and Granger causality, the current study aims to extend this line of research by investigating the renewable energy consumption-economic growth nexus in BRICS countries, controlling for trade openness and CO2 emissions.
The plan of this paper is organised as follows: Section 2 provides a literature review on the causal relationship between economic growth and renewable energy consumption. Section 3 presents the data description, econometric methods and empirical results. Final section concludes the paper.
Literature review
Contrarily to the causal relationship between the non-renewable energy consumption and economic growth, which has generated a substantial body of literature since last decades, the economic growth-renewable energy use nexus can be considered as a recent field of research.
Obviously, the data availability on the renewable energy is the most important factor that recently motivates the literature on the subject. That is, many papers have been appeared the last few years covering many geographic locations, using different econometric tools and including a range of control variables. Several studies have focused on a specific country while others have relied on a group of countries within a panel data framework.
Considering first the country-specific studies, Ocal and Aslan (2013) Among others, they find that economic growth and CO2 emissions Granger cause renewable energy consumption with no feedback. Yildirim et al. (2012) apply the Toda-Yamamoto procedure and bootstrap-corrected causality test on the US data. Biomass energy consumption, hydropower energy consumption and biomass-wood-derived energy consumption are used along with the total renewable energy consumption, while employment and gross capital formation are used as control variables. Empirical evidence reports a unidirectional causality running from biomass energy consumption to economic growth while the neutrality hypothesis is supported between economic growth and all of the other renewable energy kinds as well as the total renewable energy consumption.
The case of Brazil was investigated by Pao and Fu (2013a) and Pao and Fu (2013b) . In the two studies, the authors examine the causal relationship between economic growth and aggregated and disaggregated renewable energy consumption. Pao and Fu (2013a) use annual data on GDP and four types of energy consumption, namely non-hydroelectric renewable energy consumption, total renewable energy consumption, non-renewable energy consumption and the total primary energy consumption, while Pao and Fu (2013b) Pedroni approach to cointegration in panel data (Pedroni, 2000 (Pedroni, , 2001 and Granger causality tests are employed, while CO2 emissions and oil price are used as control variables. Empirical evidence reveals that real income increases have positive and statistically significant effect on per capita renewable energy consumption, while oil price has a small and negative impact. Sadorsky (2009b) , based on the same cointegration and causality techniques, investigates the causal relationship within a bivariate framework in eighteen emerging countries between 1994 and 2003. The empirical results confirm the conservation hypothesis in the long-run, while the neutrality hypothesis is supported in the short-run. Menegaki (2011) , by employing a random effect model to cointegration and a panel error correction model framework on a group of twenty seven European countries, does not confirm any Granger causality direction between renewable energy and economic growth, either in the short-run or long-run. That is, the neutrality hypothesis is supported and the author concludes that the lower levels of renewable energy consumption across Europe cannot play a significant role in promoting economic growth.
In a series of studies, Apergis and Payne (2010a , 2010b , 2011a , 2011b , 2011c , 2012 investigate the causal relationship between renewable energy consumption and economic growth for many groups of countries ranging from developed to developing countries. The authors use various cointegration techniques and causality approaches within a panel data framework. In the majority of cases, empirical results reveal that cointegration relationships and both short-run and long-run bi-directional causality exist among variables in question, running from the consumption of both nuclear and renewable energy to economic growth, which suggests the validity of the growth hypothesis.
Empirical analysis

Data
The empirical analysis presented in this paper is based on annual time series of real gross domestic product (GDP), renewable energy consumption (REC), dioxide emissions ( Bank. GDP is measured in constant 2005 US dollars; Renewable energy, approximated by the combustible renewables and waste, is measured in 1000 metric tons of oil equivalent; CO2 in metric tons while trade openness is defined as the sum of imports and exports divided by the GDP. All the variables (except OPEN) are expressed in per capita terms and transformed into natural logarithmic form.
Methodology and results
Integration analysis
A preliminary and necessary step before conducting cointegration and causality analysis is the pre-testing of integration order of variables in question. When using the ARDL approach to cointegration, the unit root tests are mainly used to avoid the inclusion of I (2) variables. In this study, two types of unit root tests are applied: without and with structural break. We used the ADF-MAX test developed by Leybourne (1995) . This test is a powerful modification of the standard ADF unit root test. It is given by the maximum between the usual ADF statistic and the ADF statistic computed using reversed data. In addition to its power properties, this test may, in some circumstances, be more robust to structural breaks than the conventional ADF test (Cook and Manning, 2005) .
In modern times, generally for long time series data, along with the conventional tests, unit root tests which consider at least one structural break over time should be used. The period covered in the current study is 1971-2010. Most likely the series may suffer from endogenous structural breaks since they consist of annual figures more than thirty years. Therefore, we employ the conventional Zivot-Andrews unit root test with structural break (Zivot-Andrews, 1992 ). The results of testing for the integration order are presented in Table 1 .
Accordingly, the common components of GDP, REC, CO2 and OPEN variables all turn out to be I(1), except the GDP variable for Russia and REC variable for China which are nonstationary both in levels and first differences under both the ADF-MAX and ZivotAndrews unit root tests. Therefore, we must drop Russia and China from the subsequent ARDL bounds testing approach to cointegration and causality analysis. 
Cointegration analysis
The main purpose of this paper is to conduct a simultaneous analysis of the short-and longrun dynamics between economic growth and renewable energy consumption in the BRICS countries. Therefore, we employ the autoregressive distributed lag (ARDL) model, a relatively new technique to cointegration developed by Pesaran et al. (2001) . This approach has been extensively used in empirical modelling due to its desirable properties compared to the standard Johansen cointegration technique developed by Johansen and Juselius (1990) .
First, it can be applied for smaller sample size and performs better than the Johansen's technique (Ghatak and Siddiki, 2001) . Second, The ARDL approach can accommodate stationary I(0), non-stationary I(1) or mutually cointegrated variables in the same regression, a task that is not possible with the Johansen's technique which requires that all the variables should be integrated of order one. Third, the ARDL approach deals with the endogeneity issues of some variables in the regression by providing unbiased long-run estimates with valid t-statistics (Narayan, 2005 and Odhiambo, 2008) . Fourth, the ARDL approach allows assessing simultaneously both the short-and long-run effect of a particular variable on the other and it also separates short-run and long-run effects (Bentzen and Engsted, 2001 ).
After testing for the unit roots, the subsequent step consists in investigating the long-run relationships between the variables using the ARDL bounds testing approach. The ARDL representation between the competing variables may follows as: The straight lines represent critical bounds at 5% significance level The straight lines represent critical bounds at 5% significance level
Plot of Cumulative Sum of Squares of Recursive Residuals
Before estimating the ARDL models, an important issue related to the potential instability of the estimated coefficients has to be investigated. Therefore, we implement in Figure 2 the cumulative sum (CUSUM) and cumulative sum of squares (CUSUMQ) stability tests based on the recursive regression residuals.
According to the Figure 2 , there are no instability issues in both Brazil and South Africa.
However, for India, the CUSUM test indicates that there is a structural break in the GDP at the beginning of the 21 st century. These results confirm those found above by using the ZivotAndrews unit root test, which suggests that a structural break occurred in 2003. Therefore, following Ozturk and Acaravci (2011), we include a dummy variable in the ARDL model for India and we conduct again the corresponding CUSUM and CUSUMQ tests (Figure 3) .
Obviously, the new plots of the CUSUM and CUSUMQ statistics fall within the critical bounds at 5% significance level, indicating that the model has stable parameters over the time. The bounds test results are shown in Table 2 . It is worth noting that the Schwarz Bayesian Criterion (SBC) was used to select the optimal lag order of the ARDL models. Obviously, the bounds testing approach reveals mitigated results. First, in most cases, the F-statistics lies above, at least, the 10% upper bound in the three BRICS countries confirming the presence of long-run equilibrium relationships. Second, when CO2 is assigned as dependent variable, the corresponding F-statistics are below the lower critical values, suggesting no cointegration.
Finally, when the GDP (REC) is set as dependent variable in the case of South Africa (Brazil), the corresponding F-statistic falls within the bounds, emanating therefore to inconclusive results. The straight lines represent critical bounds at 5% significance level Once the bounds testing approach confirms the existence of cointegration for most models, the long-run and short-run coefficients may be estimated. Table 3 shows the empirical results of the long-run estimates using the ARDL modelling. These estimates have usually passed a series of diagnostic tests of normality, heteroscedasticity, misspecification and serial correlation of the estimated residuals.
For robustness check, the long-run coefficients are also estimated by fully modified ordinary least squares (FMOLS) and dynamic ordinary least squares (DOLS) techniques. Generally, one can say that the coefficients remain consistent across the three estimation techniques.
Accordingly, estimated coefficients indicate that in the long-run, renewable energy consumption has a positive and significant effect on GDP in Brazil, validating therefore the energy led-growth hypothesis, while economic growth leads also to an increase in the renewable energy consumption. In the case of India and South Africa, either economic growth or renewable energy consumption shows its expected positive effect on each other, but this impact remains statistically insignificant. These findings prove the crucial role played by the renewable energy sector in Brazil compared to India and South Africa. On the other hand, CO2 emissions and trade openness variables exhibit also their expected signs with regard to the literature. First, an increase in CO2 emissions is due particularly to an increase in nonrenewable energy use. While stimulating the economic growth, CO2 emissions lead to a little focus on promoting renewable energy sector. Second, in most cases, trade openness has positive and statistically significant coefficients on both renewable energy consumption and economic growth, validating therefore the trade led-growth hypothesis widely discussed in the literature (Sebri and Abid, 2012) . Table 4 presents the short-run estimates. Obviously, most conclusions derived from the longrun estimates remain robust in the short span of time. Importantly, the effect of renewable energy consumption on economic growth becomes more pronounced in South Africa, since the coefficient is positive and statistically significant at 1% significance level. Similarly, the effect of economic growth on renewable energy consumption becomes statistically significant, at least, at the 95% confidence level in the three countries. The error correction model allows testing for the existence of Granger causality in three possible ways (Sebri and Abid, 2012) . First, the short-run Granger causality is investigated by testing the significance of the sum of lagged differences of explanatory variables by using the partial F-statistic. Second, the long-run causality is checked by examining the coefficients of the coefficient is negative and statistically significant. Lastly, the strong Granger causality, which means that the two sources of causality are jointly significant, can be exposed by testing the joint hypothesis through the joint F-test on both 1 t ECT − and sum of lagged differences of explanatory variables.
The Granger causality results are reported in Table 5 . Empirical evidence shows that in the short-run, there exists bi-directional causal relationship between economic growth and renewable energy consumption (except for India) and between economic growth and trade openness (except for Brazil). This feedback relationship is also found between renewable energy consumption and trade openness in two BRICS countries (Brazil and India) while the neutrality hypothesis is supported in the case of South Africa. A unidirectional causality running from CO2 emissions to both economic growth and trade openness is often derived from the results.
Regarding the long-run causality, all the ECTs' coefficients are negative and statistically significant suggesting bi-directional causal flows among the variables. However, an exception is registered for the renewable energy equation in the case of India, which is negative but not statistically significant. This suggests an absence of long-run causality running from economic growth, trade openness and CO2 emissions to renewable energy consumption in this country. Finally, by using a joint F-test, empirical results suggest that a strong causality exists among variables for the three error correction models and three BRICS countries.
Comparing the findings of the current study to the literature, one can argue that they are consistent. The bi-directional causal relationship between renewable energy consumption and economic growth was previously found by Shahbaz et al. (2012) in Pakistan, Tugcu et al. (2012) in the case of G7 countries and Bildirici (2013) in the case of six Latin American developing countries (Argentina, Bolivia, Costa Rica, Nicaragua, Panama and Peru). For instance, in the case of Brazil, Pao and Fao (2013a) found also bi-directional causality between economic growth and total renewable energy consumption. In the case of India, our conclusion that in the long-run the growth hypothesis is supported was previously established by Tiwari (2011) . 
Concluding remarks
This paper employs the ARDL bounds testing technique and Granger causality to investigate the causal relationship between economic growth, renewable energy consumption, CO2
emissions and trade openness in BRICS countries. Although a number of studies have recently been conducted on the renewable energy consumption-economic growth nexus, there is no study that has investigated this relationship in BRICS countries as a whole. These countries have been recognized over the past years as key drivers of economic growth within the emerging markets and according to expectations they could become among the most dominant economies in the near future.
The empirical evidence from the ARDL approach indicates that renewable energy consumption has a positive effect on economic growth and vice versa. This effect is particularly more significant in Brazil compared to other countries. Regarding the Granger causality analysis, bi-directional causal flow exists between economic growth and renewable energy consumption, validating the feedback hypothesis. Obviously, these findings, while meaning that an increase in income is a core factor driving the development of the renewable energy sector, show the growing role of renewable energy in stimulating economic growth in BRICS countries. Empirical results show also the significant effect of trade openness and CO2 emissions in promoting the renewable energy consumption. On the one hand, trade openness enables BRICS countries to benefit more from 'green technologies' transfer that helps to invest more in the renewable energy sector. On the other hand, an increase in CO2 emissions, which is the main cause of global warming, boosts policymakers to reduce this greenhouse gas by taking some measures of scaling down fossil energy consumption and relying more on energy from renewable sources.
